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In this study, we have carried out the calculation for the interaction of fluorouracil anticancer drug with carbon
nanotube using Hartree-Fock theory with 3-21G basis set and molecular mechanic/Monte Carlo simulation
(with MM+, AMBER, and OPLS force field) in the gas phase, methanol, and water solvents at various temperatures
(298 up to 312 K). The obtained results of potential energy, Gibbs free energy, enthalpy, entropy, and dipole
moment value changes are compared in gas phase, methanol, and water, and the temperature effects on the
stability of the interaction between fluorouracil anticancer drug and carbon nanotube in gas phase, methanol, and
water solvents.
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Fluorouracil anticancer drug belongs to a bunch of med-
icines distinguished as antineoplastics, and it is sorted as
an antimetabolite. It acts by preventing the growth of
cancer cells and finally demolishing them. Fluorouracil is
utilized for the treatment of the cancers such as the breast,
rectum, colon, stomach, or the pancreas [1] in 1957 by
Charles Heidelberger; 5-FU was designed, synthesized,
and patented [2]. 5-Fluoro-2,4(1H, 3H)-pyrimidinedione
is chemically named fluorouracil [3]. Three possible
mechanisms of action of fluorouracil existed [4]. The first
mechanism, the fluorouracil metabolite fluorodeoxyuridine
monophosphate contests with uracil to bind with thy-
midylate synthetase and the folate cofactor [5], these con-
sequences in declined thymidine production and hence
declined DNA synthesis and repair, and eventually declined
cell proliferation. Leucovorin (formyltetrahydrofolate, formyl-
FH4) increases fluorouracil by stabilizing the binding of
fluorodeoxyuridine monophosphate to thymidylate synthe-
tase. The second mechanism, the fluorouracil metabolite
fluorodeoxyuridine triphosphate is incorporated into DNA,
thus interfering with DNA replication [4]. The final* Correspondence: fahimnajafi@Gmail.com
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in any medium, provided the original work is pmechanism, the fluorouracil metabolite fluorouridine-
5-triphosphate is being incorporated into RNA in place of
uridine triphosphate, causing a fraudulent RNA and inter-
fering with RNA processing and protein synthesis [6]. It is
cell-cycle special [5]. Besides, the carbon nanotube (CNT)
is a promising nanomaterial with rare physical characteris-
tics [7]. Its geometry and chemical characteristics are ideal
for an electron emitter with a low threshold voltage and
long lifetime [8], and a wide range of usages have been
proposed, such as gas sensors [9], transistors [10,11],
thermal sensors [12,13], and pressure sensors [14]. In
addition, CNTs are nanostructures which are members of
the fullerene group. They are one of the most promising
materials for the fabrication of nanotechnological devices
in the future. Substantial study efforts are focused on the
study of their structure, as well as their mechanical and
electric characteristics [15,16]. Different methods have
developed for the production of CNTs, for example, laser
vaporization [17] or catalytic decomposition of hydrocar-
bons [18]. In recent times, a new production way based on
the thermal decomposition of C60 in the presence of
transition metals was presented [19,20]. Different con-
formations of carbon nanotube are three structures
that the nanotube is either of the armchairs (n = m),
zigzag (n = 0 or m = 0), or chiral (any other n and m)
variety, and each of these forms has its own characteristicsOpen Access article distributed under the terms of the Creative Commons
g/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction
roperly cited.
Figure 1 Studied system of fluorouracil with CNT.
Table 1 Theoretical ΔEpotential energy (kcal/mol) in different
environments and same force fields
Environment Temperature ΔEpotential energy (kcal/mol)
MM+ AMBER OPLS
Gas phase 298 8.2253 20.4087 9.673
301 −7.9819 −231.1291 −116.5912
304 9.1083 −230.7377 −79.0468
308 −6.2843 −230.9912 −87.642
312 1.8067 −236.5307 −89.6245
Methanol 298 −22.122 −22.681 −62.718
301 −10.1062 −53.425 −149.045
304 −29.071 −58.157 −103.659
308 −20.622 −103.905 −123.955
312 −24.862 −124.313 −121.214
Water 298 −29.9874 −66.1572 −156.4089
301 −15.0026 −283.5154 −154.9751
304 −53.4379 −313.8459 −145.4375
308 −87.081 −327.245 −135.445
312 −77.2617 −309.5457 −138.8755
ΔEpotential energy (kcal/mol), difference of energy for fluorouracil and CNT and
sum of fluorouracil and CNT for reaction 1 in different dielectric constants.
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scale wires with fascinating and potentially useful charac-
teristics [15]. It is well established of which the diameter
and chirality of a SWNT determine the electronic structures
of the nanotube [23]. In order to achieve homogeneous
nanotube materials with special physical characteristics,
it is necessary to control the structures of nanotubes by
chemical synthesis techniques. The prerequisite for such
control is a detailed understanding of the growth mech-
anism of nanotubes. A double-wall carbon nanotube, which
consists of two concentric cylindrical graphene layers, has
been successfully synthesized by catalytic chemical vapor
deposition [23-25]. Double-wall carbon nanotubes are the
topic of extreme investigations versus their promising
usages. In particular, the double-wall carbon nanotube
with a metallic inner tube and an insulating outer tube is
a model system for a molecular conductive wire covered
by an insulator. In our work, the interaction of fluoroura-
cil with CNT was studied, applying molecular mechanic/
Monte Carlo (MC) simulation in several force fields.
Furthermore, the influences of different environments
such as gas phase, methanol, and water on this interaction
by quantum mechanic (QM) have been studied too. For
the simulation of the solvent influences by QM method,
self-consistent reaction field (SCRF) method is mainly
used. In this place, solvent effects on the potential energy
changes and thermodynamic value changes of this inter-
action with employ QM/MM methods are depicted.
Results and discussion
All the theoretical results present in this paper were
obtained by two methods, firstly, molecular mechanic
(Monte Carlo simulation) and secondly, quantum mechanic.
Fluorouracil inhibits the development of cancer cells and
finally destroying them, and carbon nanotube is a carbon
with cylindrical outline material and a nanometric-level
diameter which has a spacious range of usages such as
drug delivery; thus, our purpose of this article is to survey
the interaction of a nanotube with a fluorouracil anticancer
drug according to reaction 1. In this work, we see the
image of the combination of fluorouracil and CNT in
Figure 1.
If the following reaction is considered:
Fluorouracilþ CNT→ Fluorouracil‐CNT reaction
we can calculate the potential energy and thermodynamic
value changes on the interaction of fluorouracil with CNT
for reaction 1 by the following equation:
ΔM ¼ MFluorouracil‐CNT− MFluorouracil−MCNTð Þ ð1Þ
where M is equal to μ, G, H, E, S, and EPOT parameters.
Therefore, first, we investigated the different force fields
to determine the potential energy and other kinds ofgeometrical parameters on the interaction of fluorouracil
and CNT. Since the three different force fields have been
utilized, the calculated potential energy of the molecules
will not be the same. Thus, comparing the computed
potential energy of one molecule using a particular force
field with the potential energy of another molecule, which
is calculated by another force field, is neither rational nor
possible. In this article, the difference in force fields is
illustrated by comparing the computed potential energy
changes using various force fields like: MM+, AMBER,
and OPLS (Table 1 and Figures 2, 3, and 4). The theoretical
potential energy value changes are attained using different
force fields. Then, we see that water solvent has the lowest
value of potential energy changes. And also, by comparing
ΔEPOT in different force fields such as MM+, AMBER,
and OPLS in water solvent, we observe that AMBER force
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Figure 2 The potential energy changes versus temperature in different solvents and MM+ force field for reaction 1.
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Figure 5 The potential energy changes versus temperature in water solvent and same force field for reaction 1.
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of fluorouracil with CNT according to reaction 1 based on
Equation 1 in gas phase, water, and methanol at different
temperatures have been observed. Dipole moment values
in gas phase, water, and methanol exhibit increasing dielec-
tric constant; dipole moment will be increased that is
demonstrated in Table 2. In the SCRF model, the solvent
is signified by a continuous dielectric, recognized by a
given dielectric constant. The solute supposed to be fixed
into a cavity, with radius a0 in the molecule, and the
electric field which is related to the solute by the solvent
dipole will interact with the molecular dipole and direct to
net stabilization. It must be noted which salvation energy
computed using the SCRF method is the electrostatic
distribution to the free energy of salvation. In this in-
vestigation, the cavity radius of fluorouracil, CNT, and
fluorouracil/CNT system (a0) was calculated and substituted
efficiency was improving. The volume of fluorouracil,
CNT, and fluorouracil/open-end of CNT system was
achieved that values of a0 for fluorouracil, CNT, and
fluorouracil/CNT system were 3.76, 5.64, and 10.26 Ǻ,
respectively; thus, according to Equation 1, we calculate
the potential energy and thermodynamic value changes.
For in the survey, you can see that the dipole moment
changes Δμ (Debye) in (Table 2 and Figure 6) that by the
increase of the solvent dielectric constant, the dipole
moment for the interaction of fluorouracil with CNT inTable 2 Difference of dipole moment and sum of
fluorouracil and CNT in various environments and
temperatures
Temperature (K) Δμ (Debye)
Gas phase Water Methanol
298 622.61578 935.40235 927.07144
301 622.61818 935.43612 927.06763
304 622.26749 935.862794 927.05227
308 622.44462 935.905183 927.05544
312 622.64556 935.28985 927.07670different temperatures such as 298, 301, 304, 308, and
312 K will be increased.
After computing using the SCRF model, it is demon-
strated which ΔG, ΔE, ΔH and ΔS values of the interaction
of fluorouracil with CNT for reaction 1 are sensitive to
polarity of the surrounding solvent. Thus, in Table 3, you
observe that ΔG, ΔE, ΔH and ΔS values depend on the di-
electric constant (ε), and Table 3 indicates which increasing
temperature from 298 to 312 K and values of ΔG of
interaction of fluorouracil with CNT for reaction 1 in gas
phase, water, and methanol will be increased. As a result,
the lowest amount of ΔG is in 298 K, and we have the
highest resistance for reaction 1 in 298 K (Figure 7). Also,
as the solvent dielectric constant increases, the attained ΔG
values of interaction of fluorouracil with CNT decrease. So,
the most negative ΔG value of this interaction is in water
solvent. The water solvent is the best environment for
reaction 1 as shown in Figure 7. Also, in Table 3, we can
observe the attained ΔG, ΔE, ΔH, and ΔS values in various
environments such as in gas phase, methanol, and water
versus temperature alteration from 298 to 312 K. There-
upon, by increasing the temperature from 298 to 312 K, the
most positive value of ΔE, ΔH, and ΔS is for 298 K. The
other actuality that is confirmed by the calculated values of
ΔE, ΔH, and ΔS versus solvent dielectric constant increase
in temperature of 298 to 312 K is which of the values of ΔE
and ΔH will shift toward negative values in which you can
observe the most negative of these parameters in 312 K.
Also, in Table 3, with the increase of solvent dielectric con-
stant in temperature from 298 to 312 K, ΔS values increase.
So, Table 3 proves which of the value of ΔS in water solvent
has the most positive value (Figure 8). Then, water solvent
is the best for reaction 1. So, when the studied system of
interaction of fluorouracil with CNT is placed in water
solvent, the lowest values of enthalpy take place (Figure 9).
Conclusion
In this work, two calculations were performed, one
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Figure 6 The dipole moment changes calculated versus temperature for reaction 1.
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(HF) functional, utilizing 3-21G basis set and the Gaussian
98. According to achieved consequences, water solvent is
the best environment because the studied system of the
interaction of fluorouracil with CNT according to reaction
1 has the most negative values of ΔG. Also, using the
SCRF model, the obtained consequences have seemed
quite sensitive to the polarity of the enclosing solvent,
and we can see that with the increase of solvent dielectric
constant, ΔS of studied system of the interaction of fluoro-
uracil with CNT has the most positive value. Thus, we can
conclude that water solvent is best. Besides, the achieved
consequences of potential energy changes from force fields
MM+, AMBER, and OPLS were compared, and we ob-
serve which AMBER force field is the best for the survey of
reaction 1.Table 3 Theoretical values in different environments and tem
Media Quantities
298 301












Values of ΔG, ΔH, and ΔE in kcal/mol and ΔS in kcal/mol K. Δ difference of energy f
different dielectric constants.Methods
The theoretical results demonstrated in this article were
achieved by means of the ab initio and molecular mech-
anic/Monte Carlo simulation (MM+, AMBER, and OPLS).
Geometry optimization and structural characteristics com-
putations were done in Gaussian 98 program, Wallingford,
CT, USA. Also, Monte Carlo computations were carried
out by HyperChem program, Gainesville, FL, USA.
Ab initio
The most ordinary form of ab initio computation is named
Hartree-Fock computation (abbreviated HF), as the initial
approximation. This means that the coulombic electron–
electron repulsion is not clearly taken into account, though
its average influence is contained in the computation [26].
Quantum Monte Carlo is a technique which prevents theperatures at HF/3-21-3G level of theory for reaction 1
Temperature (K)
304 308 312
58 −48,958.3146 −48,958.288 −48,957.9842
19 −48,980.6311 −48,980.9187 −48,980.9501
361 −48,980.969 −48,981.125 −48,981.331
3 −0.073376 −0.073496 −0.073592
03 −94,790.4441 −94,790.1122 −94,789.8589
98 −94,812.326 −94,812.4097 −94,812.5200
63 −94,812.6035 −94,812.826 −94,812.9781
4 −0.071937 −0.072403 −0.072619
97 −93,996.4098 −93,996.2923 −93,996.091
08 −94,018.5013 −94,018.6502 −94,018.8009
06 −94,018.6256 −94,018.7963 −94,018.9574
1 −0.072591 −0.072579 −0.072819
or fluorouracil and CNT and sum of fluorouracil and CNT for reaction 1 in
Figure 7 Calculated ΔG versus temperature for reaction 1 at different dielectric constants.
Figure 8 Calculated ΔS versus temperature for reaction 1 at different dielectric constants.
Figure 9 Calculated ΔH versus temperature for reaction 1 at different dielectric constants.
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QMC: variation, diffusion, and Green's functions. These
techniques work with an openly correlated wave function
and compute integrals numerically using a Monte Carlo
integration. These computations are very time-consuming,
but they are the most correct techniques that are known
up to now. On the whole, ab initio computations prepare
perfect quantitative consequences and can give increasingly
accurate quantitative consequences as the molecules under
consideration become smaller [27].
Monte Carlo simulation
In the fields of chemistry, biology, physics, and engineering,
Monte Carlo simulations are widely utilized to determine
the structural and thermodynamic characteristics of
complex systems at the atomic level. By Monte Carlo
techniques, we can determine not only the thermodynamic
averages of molecular characteristics but also minimum
energy. Structures [28] in this technique [29] and a se-
quence of points in phase space are created from an initial
geometry by adding a random ‘kick’ to the coordinates of
a fortuitously chosen particle (atom or molecule). If the
energy declines, the new computation is accepted, with a
probability of e-E/KT if the energy heightens. The metrop-
olis [30] procedure ensures which of the configurations in
the ensemble obey a Boltzmann distribution. The probabil-
ity of accepting higher energy computations permits MS
technique to heighten and go over from a local minimum.
In MC simulation, you need only the capability to evaluate
the energy of the system if computing the first derivative is
difficult or time-consuming; this capability maybe advanta-
geous. Additionally, since only a single particle is moved in
each step, the only thing that must be configurated are the
energy alterations accompanied with this move, not the
total energy for the complete system. The lack of the time
dimension and atomic velocities are some disadvantages of
MC techniques. And so, they are not appropriate for
spending time and investigating characteristics depending
on time-dependent phenomena or momentum [31].
In the present article, differences in force fields are
demonstrated by comparing the computed potential
energy changes by applying force fields MM+, AMBER,
and OPLS. In this article, HyperChem program is utilized
for the quantum chemical computations. We have done
geometry optimization and Monte Carlo simulation by
this software [32]. The QM computations on the inter-
action of fluorouracil with carbon nanotube have been
done by Gaussian 98 program [33] utilizing the standard
3-21G basis set. Thus, solvent effects have been studied
on the values of thermodynamic parameters and dipole
moment of water and methanol encircling fluorouracil/
CNT system within the SCRF model utilizing a Hartree-
Fock method and the temperature effects on fluorouracil/
CNT system. Therefore, achieved thermodynamic data offluorouracil/CNT system are compared in gas phase and
various solvent environments such as methanol and water.
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